The human eye is relatively unexplored as a source of cells for investigating DNA damage. There have been some clinical studies, using cells from surgically removed tissues, and altered DNA bases as well as strand breaks have been measured using the comet assay. Tissues examined include corneal epithelium and endothelium, lens capsule, iris and retinal pigment epithelium. For the purpose of biomonitoring for exposure to potential mutagens in the environment, the eyerelatively unprotected as it is compared with the skin-would be a valuable object for study; noninvasive techniques exist to collect lachrymal duct cells from tears, or cells from the ocular surface by impression cytology, and these methods should be further developed and validated.
Introduction
Damage to the DNA molecule, in the form of breaks, base alterations or adducts and cross-links, is the immediate consequence of exposure of cells to genotoxins, and so its measurement in individuals can be used as a marker of exposure and (arguably) as a possible indicator of cancer risk, though this link has not been established except in a few specific cases, such as the association between bulky aromatic DNA adducts and lung cancer (1) . The comet assay (single cell gel electrophoresis) is widely and increasingly used in human biomonitoring and clinical studies to measure DNA damage (2) . Whether run under alkaline or (less commonly) neutral conditions, it detects both single and double strand breaks (SBs) in DNA. With the incorporation of a suitable lesion-specific enzyme, such as formamidopyrimidine DNA glycosylase (Fpg) or endonuclease III (EndoIII or Nth), it also detects altered bases (oxidised purines and pyrimidines respectively in the case of Fpg and EndoIII); the enzyme T4EndoV is used to detect cyclobutane pyrimidine dimers induced by UV light (3) . DNA repair capacity is sometimes also studied as a biomarker, using a modification of this assay (4) .
For the purpose of human biomonitoring, the comet assay is generally applied to white blood cells, for various reasons: blood can be obtained by a relatively non-invasive method; standard procedures exist for isolating peripheral blood mononuclear (PBMN) cells (or whole blood can be used) and the cells behave well in the assay. In addition, as they are circulating cells, they apparently reflect wholebody exposure-while also being sensitive to the internal environment, whether healthy or diseased, in a state of homeostatic balance or of stress. However, there are advantages in using cells from other sources; for instance, from specific tissues that represent a target in terms of disease incidence, or alternatively from tissues that are subject to specific exposure. The common routes of exposure to environmental mutagens are by ingestion, by breathing or by contact with the external surface of the body.
Buccal epithelial cells can be used to detect effects of ingested toxins (5); they are easy to obtain, but are not as 'clean' as PBMN cells, as debris, dead cells and contaminating lymphocytes can be present; also, the comet assay needs to be modified with a protease digestion to allow comet tails to form. Nasal epithelial cells (6) are appropriate for measuring effects of atmospheric pollutants.
Occasionally other cell types are available-e.g., cells from tumours and from surrounding tissue removed during surgery. Studies of such material from colorectal cancer patients (7) showed a good correlation between tumour tissue and healthy tissue, and between healthy tissue and PBMN cells, when measuring either nucleotide or base excision repair with the comet assay.
Our theme here is the exploitation of a relatively uncommon source of cells for biomonitoring, namely the human eye. Most experiments so far have made use of corneal epithelial cells from transplant material, or lens epithelial cells obtained during surgery. More relevant to molecular epidemiology is the possibility of removing cells from the ocular surface, i.e. from the corneal and conjunctival epithelium, which is exposed to any particulate matter, reactive gases and volatile organic chemicals in the atmosphere. If such cells can be removed in a non-invasive way, in a state suitable for various investigatory procedures, including the comet assay, this would make way for a valuable addition to our battery of human biomarker assays.
We include here a review of published studies, some recent experiments, and promising ideas for future work. Our emphasis is on the use of primary cells derived from various tissues of the human eye; we do not discuss experiments with non-human material, or (in general) experiments with established cell lines. We cover clinical studies, as well as the (so far limited) use of cells from tears or from the ocular surface in molecular epidemiology. We do not intend to give detailed practical information; the reader is referred to the excellent methodological review of the comet assay applied to various human epithelial cell types (including cells from the eye) (8) .
Corneal Epithelial and Endothelial Cells
Epithelial cells are able to proliferate when cornea is cultured in the laboratory, by regeneration from the limbus, a narrow band of tissue surrounding the periphery of the cornea. Corneal endothelial cells, in contrast, do not proliferate after birth; in organ culture, lesions in the endothelium are repaired by enlargement of neighbouring cells and by cell migration from the periphery, where the endothelial cells are present at higher density. In cell (not organ) culture, endothelial cells may proliferate and lose their endothelial phenotype. (9) In an examination of the effects of different storage conditions on corneas destined for transplantation,(10) segments of tissue from corneas (from 10 patients) initially stored under hypothermic conditions in Optisol GS (Bausch & Lomb, USA) were transferred to organ culture medium at 32°C for 1 week. Before and after the transfer and culture, the epithelium was scraped from the surface and gently pipetted to create a single cell suspension for comet assay analysis incorporating Fpg, EndoIII, or T4EndoV. Generally Fpg-sites were higher than EndoIII-sites, which were higher than T4EndoV-sites. Organ culture of the corneas led to an overall increase in SBs, but the individual samples varied widely in their response to culture, some showing a modest or no increase while others evidently accumulated substantial damage (Figure 1) . Figure 2 shows results of (unpublished) experiments with epithelium from corneal segments-with and without incubation. Levels of SBs after culture were again very variable; in some cases the % tail DNA was so high that it was not possible to estimate net enzymesensitive sites accurately by subtraction. EndoIII-sites were lower than Fpg-sites, and Fpg-sites showed a distinct decrease on incubation in organ culture medium for a week. Endothelial cells tended to have lower levels of SBs-data not shown-consistent with the fact that, while endothelial cells do not proliferate, dying cells, presumably those with elevated levels of DNA damage, are released from the endothelial surface.
Cells From the Lens Capsule
A similar approach to that employed in the study of corneal cells was used in experiments with epithelial cells from the lens capsule, obtained from patients undergoing cataract surgery (11) (Figure 3) . SBs were at an extremely low level, before and after 1 week of culture; Fpg-sites were very high compared with the other enzymesensitive sites, and increased on incubation-indicating that some oxidation was occurring during culture, in contrast to the corneal cells in which oxidation damage decreased. Whether this difference is due to intrinsic differences in the cell types, or their response to the culture environment, is not known (and should be followed up). Age-related cataracts (ARC) were used as a source of epithelial cells also by Zhang et al. (12) . Usefully, they had control samples of cells obtained from patients undergoing surgery for retinal detachment but who had clear lenses. The levels of SBs were higher in ARC patients' cells than in those of controls. Zhang et al. also measured DNA damage in lymphocytes of these patients, and found a significant positive correlation (r = 0.4) between the two cell types.
Significantly higher levels of SBs were reported in lens epithelial cells from ARC patients, compared with controls-i.e. cells from lenses obtained during surgical removal of epiretinal membrane. (13) There were also higher levels of SBs in lens epithelial cells from cataracts of senile patients, compared with lens epithelium from healthy (non-cataract) elderly patients. (14) Other Eye Tissues Li et al.(15) applied the comet assay to human trabecular meshwork cells, which are located close to the corneal endothelium and in which stem cells for the endothelium may be present. They claim that over-expression of miR-183 (a microRNA cluster whose expression during development is linked to maturation of sensory organs) increased the level of damage induced by UVC (10 Jm −2 ). However, UV-induced DNA damage (cyclobutane pyrimidine dimers) does not break DNA directly, and the observed SBs might rather have been transient DNA repair intermediates.
Szaflik et al. (16) collected iris tissue biopsies during cataract surgery on patients with glaucoma, with diabetes type 2, with both glaucoma and diabetes, or with neither. SBs, EndoIII-and Fpg-sites were measured, and significantly more oxidised bases (both pyrimidines and purines) were seen in those with disease, especially with both glaucoma and diabetes.
Retinal pigment epithelial (RPE) cells from donor eyes, and an immortalised cell line established from lens epithelium (HLE B-3), were used by Chignell et al. (17) not (obviously) for biomonitoring, but to test the possible toxicity of alkaloids palmatine and berberine, present in plant preparations used in traditional medicine for the treatment of trachoma. They exposed cells to the alkaloids plus light; on HLE B-3 cells, the IC50 for berberine + UV(A) was between 5 and 10 μM, while palmatine was less toxic. Both caused mild DNA breakage at 10 μM with UV(A). Light of <400 nm wavelength does not penetrate the anterior part of the eye, and so RPE cells were only tested with visible light: palmatine was not toxic, while berberine caused DNA breaks but only at much higher concentrations than with the lens cells. Chignell et al. suggest that caution should be exercised in using plant extracts containing these alkaloids medicinally, as the concentrations of the alkaloids are relatively very high.
Non-invasive Methods; Applications in Human Biomonitoring
Application of the comet assay to cells from tears was described almost 20 years ago,(18) though at that time only DNA SBs were measured. Nasal brushing was used to stimulate release of tear duct cells; tears were collected into 20 µl capillary tubes, and mixed with agarose for the comet assay. Subjects came from parts of Mexico city with differing kinds of pollution; the south of the city is more polluted with ozone, while in the north particulate matter and hydrocarbons are prevalent. Subjects from the south showed the higher levels of DNA SBs in tear duct cells 'Impression cytology' is a promising approach, in which cells from the ocular surface, particularly from the conjunctiva, are gently adsorbed onto a membrane (such as a nitrocellulose filter) and then detached into buffer for agarose embedding. This method has been used successfully to obtain cells for histological/cytological examination, and for analysis of the frequency of micronuclei (19) and is currently being tried as a source of cells for the comet assay. Figure 4 shows typical images from preliminary experiments; cells were removed from the membrane by trypsinisation, and it is not known whether the damage clearly present in some of the cells results from this isolation procedure, or from in vivo exposure to damaging agents in the air. Further assay development is required, but if successful, this approach will provide us with a powerful (non-invasive) biomarker assay for the genotoxic effects of atmospheric pollutants, and a possible diagnostic tool for neoplasms on the ocular surface (K. Jirsova, manuscript in preparation).
Conclusions
Up until now, most of the studies conducted on cells from the human eye with the comet assay have used transplant tissue or cells removed during surgical procedures. There is a limit to the information that can be obtained from such work: in the case of diseases of the eye, it is rarely possible to obtain healthy tissue to act as a control; and as the procedures are invasive, standard epidemiological trials such as prospective or intervention studies or studies of the effects of occupational or environmental exposure to genotoxic agents are not feasible. However, these experiments have at least demonstrated that cells from the various tissues examined are amenable to measurement of DNA damage, both SBs and altered bases.
Non-invasive techniques are restricted to cells of the surface of the eye, but these are potentially excellent material for examining effects of air-borne pollutants. They are at present a virtually untapped resource, and further development of the comet assay, whether applied to tears or to cells taken from the ocular surface, should provide us with a valuable new approach to biomonitoring.
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